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New results from general searches for the Higgs boson of the Minimal Standard Model (MSM), and for neutral
and charged Higgs bosons of non-minimal Higgs models are reviewed from the four LEP experiments at CERN:
ALEPH, DELPHI, L3, and OPAL. Much progress has been made due to the analysis of new data sets. A total
of about 13 million hadronic Z decays are recorded from 1989 to 1994. The Higgs boson discovery potential for
LEP2 is presented.
1. Introduction
On August 14, 1989, the rst Z boson has been
registered at the Large Electron Positron collider
(LEP). During fall 1994 up to 30,000 hadronic
Z bosons are produced per day and experiment
corresponding to about twice the design luminos-
ity. The integrated luminosity delivered to each
LEP experiment is shown in Fig 1. The large
data set allows to pursue one of the most chal-
lenging quests of experimental particle physics:
the search for Higgs particles [1]. The experimen-
tal evidence of Higgs bosons would be crucial to
understand the mechanisms of the SU(2) U(1)
symmetry breaking and the mass generation in
gauge theories.
In 1995, almost a doubling of data is antici-
pated after the successful tests of running LEP
with 4x4 bunches. In 1996, LEP2 will operate
with a center-of-mass energy above the W
+
W
 
threshold. In addition to the larger kinematic
reach, LEP2 will also result in an improved signal
to background ratio for the Higgs boson search.
The Higgs mass is a free parameter in the
MSM [2]. Current precision measurements of the
Z-lineshape do not reveal a favored Higgs mass
range, as illustrated in Fig. 2 (from [3]). The
theoretical framework is reviewed, for example,
in [4]. This paper reviews the search for the MSM
Higgs (Sec. 2), and the search for non-minimal
Higgs bosons (Sec. 3). Interpretations are sum-
marized in the two-doublet Higgs model (Sec. 4)
and in the Minimal Supersymmetric Standard
Model (MSSM) [5] (Sec. 5). The physics poten-
tial of LEP2 is addressed (Sec. 6). This report
updates [6].

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Figure 1. Integrated luminosities seen by each
LEP experiment.
Figure 2. Comparison of Z-lineshape measure-
mentswith top andHiggs mass variations in theMSM.
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2. MSM Higgs Search
The expected Higgs boson event rate [7] for
the bremsstrahlung process [8] is known to bet-
ter than 1% including radiative corrections [9].
The expected number of Higgs boson events per
1 million hadronic Z decays is shown in Fig. 3.
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Figure 3. MSM Higgs production rate as a func-
tion of the Higgs boson mass.
The Higgs decay mode determines the Higgs
signature in the detectors. Higgs bosons with low
masses decay into e
+
e
 
and 
+

 
pairs, for in-
termediate masses they decay into light hadrons
and 
+

 
pairs, and for high masses they decay
predominantly into a bb quark. The possible de-
cay modes are shown in Fig. 4 (from [10]).
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Figure 4. MSM Higgs decay branching ratios.
2.1. Very Low-Mass Higgs Bosons
For m
H
< 2m

the Higgs boson has a decay
length such that it does not decay at the primary
interaction point. Two signatures can be distin-
guished, a) the Higgs decays outside the detector,
and b) the Higgs decays inside the detector mate-
rial, leaving a `V' signature. Figure 5 (from [10])
shows the decay length.
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Figure 5. MSM Higgs decay length.
Searches for these signatures have been per-
formed by all LEP experiments, and no indica-
tion of a signal has been observed. An example
of the number of expected Higgs events is given
in Fig. 6 (from[11]).
Figure 6. DELPHI: Number of expected Higgs
events in the very low-mass region.
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2.2. Low-Mass Higgs Bosons
Various dierent nal states are expected as il-
lustrated in Fig. 7. No indication of a Higgs signal
in any channel has been found, and the mass re-
gion below 4 GeV is excluded at 99% CL [12{15].
Figure 7. Diagrammatic view of a low-mass Higgs
signal.
2.3. Intermediate-Mass Higgs Bosons
Mono-jets are expected in this mass region be-
tween about 4 and 15 GeV. Such mono-jets, as
illustrated in Fig. 8, have not been observed and
the mass region is excluded at 99% CL [12{15].
Figure 8. Diagrammatic view of an intermediate-
mass Higgs signal.
2.4. High-Mass Higgs Bosons
In this mass region the muon, electron, and
neutrino channels are most important due to their
distinct signatures (Z
0
! Z
0?
H
0
! qqH
0
is not
used due to large QCD background). Typical
Higgs signatures are illustrated in Fig. 9.
Figure 9. Diagrammatic view of a high-mass
Higgs signal.
Figure 10 (from[15]) shows a Z
0?
H
0
! 
+

 
qq
candidate event which has passed all of the se-
lection criteria, and Fig. 11 (from[14]) shows a
Z
0?
H
0
! e
+
e
 
qq candidate.
Figure 10. OPAL:Higgs candidatem
H
=61.2GeV.
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Figure 11. L3: Higgs candidate m
H
= 67:6 GeV
shown in the plane perpendicular to the beam line.
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Table 1 lists the Higgs candidates [12{15] with
m
H
> 30 GeV. The most precise measurement of
the mass corresponding to the Higgs mass is cal-
culated from the e
+
e
 
and 
+

 
pairs (recoiling
mass).
Table 1
MSM Higgs Candidates.
Experim. Event Type Year Mass(GeV)
ALEPH 
+

 
qq 93 51:4 0:5

+

 
qq 94 49:7 0:5
OPAL 
+

 
qq 93 61:2 1:0
L3 e
+
e
 
qq 91 31:4 1:5
e
+
e
 
qq 92 67:6 0:7

+

 
qq 91 70:4 0:7

+

 
qq 93 74:0 0:7
DELPHI e
+
e
 
qq 91 35:9 5:0

+

 
qq 93 75:0 0:7
The origin of the candidate events is well un-
derstood. They are a result of 4-fermion back-
ground. Their production graphs are shown in
Fig. 12. Annihilation (a) and conversion (d) pro-
cesses are most important after all Higgs boson
selection cuts are applied.
e+
e-
γ
a)
e-
e+
q
q–
 Annihilation
Z, γ
e- e-
e+ e+
q
q–
γ
γ
b)
 Multiperipheral
(2-photon)
q
q–
γ
e- e-
e+ e+
γ
c)
 Bremsstrahlung
e+
e-
e+
e-
q
q–
γ Z,
γ Z,
d)
 Conversion
Figure 12. Feynman graphs of 4-fermion back-
ground reactions.
The spectrum of the recoiling mass, corre-
sponding to the Higgs mass, is shown in Fig. 13
(from [12]) before a cut on this variable is applied.
Two out of the three events of Fig. 13 (in the mass
region above 50 GeV) are rejected since the jets
are not likely to be b-avored as expected from a
Higgs decay. The simulated 4-fermion spectrum
is in full accordance with the data. About nine 4-
fermion events with recoiling mass > 50 GeV are
expected from all four LEP experiments, while six
events have been observed. It is remarkable that
about two qq background events are expected
while none has been observed. Table 2 summa-
rizes the Higgs mass limits in the MSM [12{15].
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Figure 13. ALEPH: 4-fermion simulation and
data.
Table 2
MSM Higgs boson mass limits from ALEPH,
DELPHI, L3, and OPAL
A D L3 O
Prel. Prel.
Data Sample 89-94 90-92 90-94 90-93
Z
0
! qq 10
6
3.6 1.6 3.1 1.9
Mass Limit
95%CL(GeV) 62.9 58.3 60.1 56.9
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The number of expected Higgs events are
shown in Fig. 14 (from[14]) for the 
+

 
, e
+
e
 
and  channels. The limit is set using Poisson
statistics. In a mass region without a Higgs can-
didate the 95% CL limit is set where the sum of
the expected events is 3.
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2.5. Combined Limit and Prospects
The number of expected events is given by each
LEP experiment [12{15], and shown in Fig. 15 for
combined data corresponding to a total of 10.2
million hadronic Z decays. In good approxima-
tion, a combined Higgs mass limit can be set by
the summation of the number of expected Higgs
events. The calculation of the 95% CL limit takes
the background events into account and corrects
for up to 25% reduction due to tighter selection
cuts with increasing statistics. Owing to the new
results, the combined Higgs mass limit is signi-
cantly increased compared to the value reported
a year ago (63.5 GeV [6]). The combined mass
limit is 65.1 GeV. Figure 15 shows that with
larger statistics the reduction of 4-fermion back-
ground will be crucial to increase the sensitivity
mass range. This can be achieved with enhanced
microvertex b-quark tagging.
The evolution of the published Higgs mass lim-
its is shown in Fig. 16. The sensitivity can be ex-
trapolated assuming 50% eciency in the 
+

 
,
e
+
e
 
and  channels. With about 20 million
hadronic Z decays a sensitivity of 65 to 70 GeV
could be obtained, depending on additional can-
didate events. The combined LEP limit also lies
below the extrapolated line, since all experiments
have tuned the events selection on their own max-
imal visible Higgs mass. One should note that
combined mass limits vary by about 1 GeV com-
paring other statistical methods [16{18].
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Figure 15. Combined MSMHiggs mass limit from
results of ALEPH, DELPHI, L3 and OPAL.
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Figure 16. Higgs mass limits and extrapolation
of sensitivity.
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3. Non-Minimal Higgs Boson Search
There are three classes of searches for non-mini-
mal Higgs bosons: a) searches for Higgs brems-
strahlung with reduced production rates com-
pared to the MSM prediction, b) neutral Higgs
pair-production, and c) charged Higgs pair-pro-
duction. The production graphs are shown inFig. 17.
Z
0
 
 
 
Z
0
@
@
@h
0
a)
Z
0
 
 
 
h
0
@
@
@A
0
b)
Z
0
 
 
 
H
+
@
@
@H
 
c)
Figure 17. Non-minimal Higgs production.
3.1. Invisible Higgs Boson Search
Supersymmetric models with broken R-parity
or possible h
0
! 
0

0
decays where 
0
is the
lightest Supersymmetric particle predict invisible
Higgs decays. Such invisible Higgs bosons can be
searched in bremsstrahlung production (Fig. 17a)
in analogy to the MSM Higgs boson. The e
+
e
 
,

+

 
and qq channels are important. Larger
sensitivities are expected compared to the MSM
search, since the Z
0
! qq channel gives a clean
signature for the invisible Higgs while it could
not be used in the MSM due to large QCD back-
ground. One invisible 60 GeV candidate event,
shown in Fig. 18 (from [19]), is compatible with
the expected rate from the 4-fermion background.
Run=15238 Event=4802ALEPH
ECAL
HCAL
TPC
ITC
Figure 18.
ALEPH:
Invisible
Higgs
candidate
in the
e
+
e
 
channel.
3.2. Z
0
! h
0
A
0
! b

bb

b Search
In this channel 4-jet events are expected. A
good hadronic mass resolution would allow re-
construction of both Higgs masses, as shown in
Fig. 19 (from [20]) and thus the combinatorial
background from Z
0
! hadrons (Fig. 20) can be
reduced. Many 4-jet events pass the event-shape
and invariant mass selection cuts. A further
event selection is based on the fact that Higgs
events produce b-avored jets. These jets can
be selected by semileptonic b-decays, as shown in
Fig. 21 (from [21]). A more ecient method uses
the fact that B mesons are formed. B mesons
have a long lifetime (
B
= 1:5 ps) which gives
a larger number of detectable secondary vertices.
All LEP experiments are equipped with microver-
tex detectors. These detectors allow the tagging
of b-avored jets with secondary vertices. Fig-
ure 22 (from [22]) shows a bbbb candidate.
All mass combinations up to the kinematic pro-
duction threshold are scanned. Typically, about
20 data events remain which is in agreement with
the QCD background expectations. The limits
on  (Z
0
! h
0
A
0
)= (Z
0
! qq) vary with m
h
and
m
A
. These limits are of the order of 10
 3
to
10
 4
[19, 22, 20, 23]. An example of branching
ratio limits (L3 preliminary) is given in Fig. 25.
Figure 19. L3: a) Simulated Higgs masses; b)
Mass-
2
for data, qq and signal simulations.
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Figure 20. QCD Feynman graphs leading to 4-jet
events.
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Figure 21. L3: b-jet tagging with semileptonic b-
decays. Good b-jet purity is achieved for events
with large transverse lepton momentum.
Run  30426 event  7698                            
                                                  26/Apr/92  01:06                                  
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Figure 22. DELPHI: b-jet tagging using a mi-
crovertex detector. Central beam position and
secondary vertices are marked.
3.3. Z
0
! h
0
A
0
! 
+

 
b

b Search
In this channel a  -pair recoiling to a jet sys-
tem is expected. The invariant mass of the  -pair
can be reconstructed using kinematic constraints.
Figure 23 (from [20]) shows a simulated Higgs sig-
nal in comparison with data and background sim-
ulation. Branching ratio limits (L3 preliminary)
are given in Fig. 25.
Figure 23. L3: Example of bb selection.
3.4. Z
0
! h
0
A
0
! 
+

 

+

 
Search
The four  signature has been searched for and
no signal has been observed. The most important
background originates from Z
0
! 
+

 
events.
This background can be largely suppressed by re-
quiring exactly two tracks in one hemisphere as
expected from one-prong h
0
! 
+

 
decays, as
shown in Fig. 24 (from [20]).
Figure 24. L3: Example of  selection.
3.5. h
0
! A
0
A
0
Search
The h
0
! A
0
A
0
decay can be dominant if kine-
matically allowed. No indication of a Higgs has
been observed and limits are set, for example, on
six  's or six b's of about 10
 3
[19, 22, 20, 23].
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Figure 25. Preliminary L3: 95% CL limits on  (Z
0
! h
0
A
0
)= (Z
0
! qq) as function of m
h
and m
A
.
3.6. Z
0
! H
+
H
 
! cscs Search
Compared to the bbbb channel very similar sig-
natures are expected. Furthermore, harder kine-
matic constraints can be applied, and a charged
Higgs mass resolution better than 1 GeV is ex-
pected. However, as a consequence that no b-
tagging can be applied in the cscs channel, more
irreducible background events remain as shown in
Fig. 26 (from [20]).
3.7. Z
0
! H
+
H
 
! cs Search
Event shape selection cuts and the requirement
of an isolated  lead to a good background rejec-
tion. After all selection cuts, a Higgs signal would
be clearly visible in the reconstructed jet-jet in-
variant mass distribution, as shown in Fig. 27
(from [20]).
8
Figure 26. L3: Data, simulated background and
42 GeV cscs Higgs boson signal.
Figure 27. L3: Data, simulated background, 30
and 44 GeV cs Higgs boson signal.
3.8. Z
0
! H
+
H
 
! 
+

 
 Search
Figure 28 (from [20]) shows a good separation
of simulated Higgs signal and Z
0
! 
+

 
back-
ground.
Figure 28. L3: Data, simulated background and
44 GeV  Higgs boson signal.
4. Interpretation in the 2-Doublet Model
Production rates for Higgs boson bremsstrah-
lung and neutral Higgs boson pair-production are
complementary. Therefore, a Higgs boson can-
not escape detection if it is kinematically accessi-
ble. The search for Higgs bremsstrahlung in the
MSM Higgs decay channels with reduced produc-
tion rates is particularly important. The experi-
mental results set limits on the parameters of the
general two-doublet Higgs model.
4.1. Non-Minimal Neutral Higgs Bosons
The combined LEP limit from Higgs boson
bremsstrahlung searches of Fig. 15 can be inter-
preted as a limit on the parameter sin
2
(   ) of
the two-doublet Higgs model, shown in Fig. 29.
Figure 29. L3. Limit on sin
2
(   ).
The value cos
2
(   ) can be constrained by
precision Z-lineshape [24] measurements owing to
the large production rate of Z
0
! h
0
A
0
. Any
non-minimal MSM contribution to the Z-width
larger than 23 MeV is excluded at 95%CL [25].
This value results from a comparison of the mea-
surement and theoretical prediction taking into
account the dominating uncertainties in the top
quark mass, the MSM Higgs boson mass and the
strong coupling constant. The production rate of
Z
0
! h
0
A
0
depends on the Higgs boson masses
and the cos
2
(   ) value. A limit on cos
2
(   )
is shown in Fig. 30 (from [25]). As a consequence,
the combination of sine and cosine limits excludes
a large region in the (m
h
,m
A
) parameter space,
as presented in Fig. 31.
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Figure 30. Limit on cos
2
(   ).
Figure 31. L3: Limits on (m
h
,m
A
).
4.2. Non-Minimal Charged Higgs Bosons
In the two-doublet Higgs model the charged
Higgs boson production rate is only a function
of the charged Higgs mass [26]. The number of
expected events is shown in Fig. 32 for 1 million
hadronic Z decays.
Figure 33 (from [22, 20]) shows two recent re-
sults of 95% CL mass limits on charged Higgs
bosons as a function of its hadronic (leptonic)
branching ratio obtained from the search in the
cscs, cs, and  decay channels. Results
with lower statistics are reported in [27, 28].
Figure 32. Charged Higgs production rates.
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Figure 33. DELPHI and preliminary L3:
Charged Higgs mass limits from direct searches.
Upper plot: (a) cscs and (b) -analyses.
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5. Interpretation in the MSSM
The MSSM [5] Higgs boson production rates
and decay branching ratios are functions of the
Higgs boson masses. When the important radia-
tive corrections to the tree-level calculations are
included, the production rates and decay branch-
ing fractions will also depend on a large num-
ber of unknown parameters of the Supersymmet-
ric model. The eect of radiative corrections
is illustrated in Fig. 34 (from [29]). The re-
gions are shown where more than 250 Z
0
! h
0
A
0
events per 1 million hadronic Z decays are ex-
pected for a) no radiative corrections, up to d)
large radiative corrections (m
t
= 200 GeV and
m
~
t
= 1 TeV). Compared to the tree-level calcu-
lations (Fig. 34a), the (m
h
,m
A
) parameter space
is largely extended.
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Figure 34. Regions with large Z
0
! h
0
A
0
produc-
tion depending on the amount of radiative correc-
tions in the MSSM.
So far all LEP experiments have interpreted
their results as a function of top and stop masses
only. Figure 35 (from [19, 22, 20, 23]) shows the
MSSM results of the four LEP experiments for
independent variation over top and stop masses
(except DELPHI, which has xed top and stop
masses). An analysis with larger theoretical pre-
cision [30] has revealed a new unexcluded mass
region as shown in Fig 36 (from [30]) marked with
thick contour lines. This plot can directly be com-
pared with the L3 result of Fig. 35. The eects of
Supersymmetric particles on Higgs boson cross
sections and branching ratios are signicant. A
detailed discussion is given in these proceedings.
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Figure 35. ALEPH, DELPHI, L3, OPAL: MSSM
results. The dark region is excluded, the hatched
region allowed, and the light region not allowed
by the theory.
Figure 36. MSSM results with full one-loop ra-
diative corrections.
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6. Prospects of Higgs Searches at LEP2
The physics potential for minimal and non-
minimal Higgs searches has been studied for
center-of-mass energies of 175, 190, and 210 GeV.
According to the planning for LEP2 [31], it will
be possible to obtain a center-of-mass energy of
about 175 GeV. This corresponds to the installa-
tion of 196 approved cavities with an acceleration
gradient of 6 MV/m. At a later stage, the instal-
lation of 256 cavities would increase the center-
of-mass energy to 190 GeV. The installation of
384 cavities would further increase the energy
to 210 GeV. The ultimate energy limit of the
LEP programme, of about 240 GeV, which is set
by the maximal bending power of the magnets,
could eventually be achieved with additional or
better performing cavities. The aim is to reach
the W
+
W
 
threshold in 1996 [32].
The method of search developed at LEP1
will be fully applicable at LEP2; in addition,
new techniques for b-tagging and invariant jet
mass reconstructions will be important to cope
with the e
+
e
 
!W
+
W
 
background produc-
tion. Figure 37 shows diagrams of background
reactions and their expected cross sections for
p
s = 190 GeV. All processes have been simu-
lated with PYTHIA [33], except e
+
e
 
f
+
f
 
which
has been simulated with DIAG36 [34]. A fast, but
realistic, detector simulation has been performed.
Details of the simulations and the event selections
are given in [35] for
p
s = 175, 190, and 210 GeV
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Figure 37. LEP2 background reactions and cross sections for
p
s = 190 GeV.
2
Consistent with the energies of the Higgs and New Particle LEP2 working group, which studies more details.
Unlike at LEP1 the 4-jet channel (H
0
Z
0
!
bbqq) can also be used in the MSM Higgs search
at LEP2 due to the much-suppressed background
from hadronic Z decays. New sources of 4-jet
background will arise from W
+
W
 
! qqqq and
Z
0
Z
0
! qqqq.
In addition, W
+
W
 
decays will lead to the
same nal states as expected from charged Higgs
decays. Branching ratios are listed in Table 3.
Table 3
WW and ZZ decay branching ratios.
WW Decay BR(%) ZZ Decay BR(%)

+

 
 1.1 bbbb 2.3
qq  14 ccbb 4.0
qqqq 47 cccc 1.7
qqqq 49
6.1. MSM Higgs Boson
All LEP experiments can obtain approximately
the same sensitivity for the MSM Higgs boson.
A selection sensitivity (minimum theoretically
predicted cross section to observe a signal) of
about 0.05 to 0:15 pb with L = 500 pb
 1
for
a 3 eect of signal to background ratio ( =
signal=
p
background) can be achieved over the
Higgs mass range from70 to120 GeV depending on
p
s [36]. The sensitivity in themass range between
90 and 110 GeV is slightly weaker due to the
irreducible background frome
+
e
 
! Z
0
Z
0
events.
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More generally, any bremsstrahlung-produced
Higgs boson in a non-minimal SM with decay
branching ratios similar to those expected for the
MSM Higgs boson would be discovered if
(e
+
e
 
! h
0
Z
0
)  0:2 pb: (1)
In the MSM, the expected Higgs boson cross sec-
tion is well known as a function of its mass, and
its discovery limit at LEP2 can be expressed in
good approximation as a function of
p
s:
m
limit
H
MSM
=
p
s m
Z
(5 GeV); (2)
where the positive sign is valid for a center-of-
mass energy near the W
+
W
 
threshold and the
negative sign for a center-of-mass energy around
210 GeV. The cross section for the MSM Higgs
boson as a function of the center-of-mass energy
is shown in Fig. 38 (from [35]), see also [37].
The minimum luminosity needed for a Higgs
boson discovery as a function of the Higgs boson
mass is shown in Fig. 39 (from [38]) for
p
s =
175 GeV. A Higgs boson with a mass of about
83 GeV would be detectable with a 5 eect for
L = 500 pb
 1
.
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Figure 38. MSM Higgs cross sections and exper-
imental sensitivity.
Figure 40 (from [35]) shows the L3 limit [20]
and an extension of the sin
2
(   ) sensitivity
range as a function of the Higgs mass at
p
s =
210 GeV with a detection sensitivity of 0.2 pb.
A sucient overlap with the current limits is
achieved when a selection sensitivity of 0:2 pb can
be maintained also for a 30 GeV Higgs boson. A
similar extension has been reported in Ref. [39].
50 60 70 80 90 100
0
100
200
300
400
500
600
√s = 175 GeV
Discovery limit
mH (GeV/c2)
L m
in
 
(p
b-1
)
Figure 39. Minimum luminosity needed to dis-
cover the MSM Higgs bosons with a 5 eect.
Figure 40. Limit on sin
2
(   ) from L3 and sen-
sitivity extension for LEP2 with
p
s = 210 GeV
and L = 500 pb
 1
.
6.2. Non-Minimal Neutral Higgs Bosons
Already in the rst phase of LEP2, a sig-
nicant increase of the experimentally accessi-
ble mass parameter space compared to LEP1
for a discovery of non-minimal Higgs bosons will
be possible as shown in Fig. 41. Figure 42
(from [35]) illustrates the eect of b-jet tagging
in the e
+
e
 
! h
0
A
0
! b

bb

b search. The sim-
ulated eects of b-tagging on signal eciency
and background rejection are listed in Table 4
(from [35]) for an example of m
h
= 60 GeV and
m
A
= 100 GeV at
p
s = 210 GeV, applying a
simple b-tagging algorithm [40, 41].
Table 4
b-tagging eciency and background rejection.
E. (in %) Rejection Power (in %)
bbbb qq Z
0
W
+
W
 
Z
0
Z
0
60 31 36 105 11
13
h mass (GeV)
A
 m
as
s (
Ge
V)
LEP1
175GeV
190GeV
210GeV
kinematic limits  LEP2
Z→hA Searches
0
20
40
60
80
100
120
140
160
180
0 20 40 60 80 100 120 140 160 180
Figure 41. Kinematically accessible regions for
Higgs boson pair-production at LEP1 and LEP2.
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Figure 42. Simulated Higgs bosons and back-
ground: b-tagging is required for signal sensitivity
(
p
s = 210 GeV, L = 500 pb
 1
).
Higgs boson mass resolutions of about 10% and
a 3 detection sensitivity of 0.12 pb have been ob-
tained in this simulation. The sensitivities vary
strongly as a function of (m
h
,m
A
) [35]. Based on
the experience acquired at LEP1, larger sensitivi-
ties are expected for the bb and  channels.
6.3. On a Decisive Test of the MSSM
The upper mass on m
h
is shown in Fig. 43
(from [42]) as a function of various parameters
of the Supersymmetric model and for two top
masses. For a top mass of 180 GeV
3
the upper
bound on m
h
is 137 GeV.
Owing to the complementary character of
Higgs bremsstrahlung and Higgs pair-production,
a decisive test of the MSSM will require si-
multaneous searches. The parameter regions in
which a Higgs signal can be discovered for
p
s =
210 GeV and L = 500 pb
 1
are shown in Fig. 44
(from [30]). Four regions can be distinguished for
m
t
= 175 GeV and tan   0:5:
(A) The sensitivity region.
(B) The region, where sensitivity depends on
the choice of Supersymmetric parameters.
(C) The non-sensitivity region.
(D) The region not allowed in the MSSM.
A substantial region (B) reects a dependence of
the discovery potential on the choice of Super-
symmetric parameters.
6.4. Non-Minimal Charged Higgs Bosons
A discovery of a charged Higgs boson would
be unambiguous evidence of physics beyond the
MSM, and even beyond the MSSM if m
H

< m
Z
.
The charged Higgs production rate [26] for L =
500 pb
 1
is illustrated in Fig. 45 (from [35]) for
p
s = 175, 190 and 210 GeV.
In the cscs channel a mass resolution of about
1 GeV can be obtained, as shown in Fig. 46
(from [35]). In addition to the selection for a
cs signal at LEP1, the reconstruction of the
invariant mass of the  system can also be used
to discriminate against W
+
W
 
! cs
 
 back-
ground, as shown in Fig. 47 (from [35]). In the
 channel, leptonic W
+
W
 
decays can largely
be rejected by the reconstruction of the visible 
energies, as shown in Fig. 48 (from [35]).
3
Recently the CDF Collaboration reported evidence for
the top quark with m
t
= 174 10
+13
 12
[43].
14
Figure 43.
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Figure 44. Accessible MSSM (m
h
,m
A
) regions.
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Figure 45. Number of charged Higgs bosons ex-
pected for
p
s = 175; 190, and 210 GeV.
Figure 49 (from [35]) shows the combined reach
of the three search channels. A signal would be
visible up to m
H
  70 GeV. A large total lumi-
nosity is crucial for a signicant extension of the
charged Higgs boson discovery potential beyond
the LEP1 limit due to the small variation of the
event rate with the center-of-mass energy and the
rather small number of expected events at LEP2.
15
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Figure 46. Simulated 60 and 70 GeV charged
Higgs bosons and background in the cscs chan-
nel.
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Figure 48. Final selection in the  channel.
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Figure 49. Sensitivity regions for
p
s  200 GeV
and L = 100, 200, and 500 pb
 1
.
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7. Conclusions
The search for the Higgs boson of the MSM
has exceeded expectations. The pre-LEP expec-
tations for the sensitivity range of LEP1 were
about 30 GeV [4], while a Higgs mass larger than
60 GeV has already been excluded by individual
LEP experiments. The combined limit from the
four LEP experiments on the MSM Higgs boson
mass is 65:1 GeV at 95% CL. At LEP1, the MSM
Higgs boson sensitivity approaches its saturation.
A sensitivity increase up to about 70 GeV can be
expected with 20 million hadronic Z decays and
stronger rejection of 4-fermion events.
In the two-doublet Higgs model, searches for
neutral and charged Higgs bosons lead to various
limits on their production rates. Charged Higgs
bosons are excluded independently of the decay
mode up to the kinematic reach of LEP1 of about
45 GeV. Mass limits and limits on sin
2
(   )
and cos
2
(   ) are obtained. Additional LEP1
data will be important to establish higher sensi-
tivities for Higgs bremsstrahlung production and
neutral Higgs pair-production, since both produc-
tion rates are unpredicted. In the MSSM, LEP1
has almost covered the kinematically accessible
parameter mass region and excluded it.
The prospects of the Higgs search at LEP2 will
predominantly depend on the achievable center-
of-mass energy and the total integrated luminos-
ity. The MSM Higgs boson reach will be from
80 to 110 GeV for about
p
s = 170 to 210 GeV.
Already in the rst phase of LEP2, a signicant
increase of the mass parameter space compared
to LEP1 for a discovery of non-minimal Higgs
bosons will be possible, while the mass range for
a discovery of the MSM Higgs boson will increase
only by 10 to 15 GeV. With a large center-of-
mass energy almost the entire allowed (m
h
,m
A
)
parameter space of the MSSM will be accessible.
A decisive test of the MSSM depends on the val-
ues of top mass and Supersymmetric parameters.
The sensitivity mass range for a charged Higgs
boson will be about 70 GeV for L = 500 pb
 1
depending largely on the total integrated lumi-
nosity.
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